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Osteoporosis is a progressive systemic skeletal disease characterized by a decrease in bone density,
impairment of its microarchitectonics, and an increased risk of fractures that occur under minimal or no
mechanical stress. One of the main causes of osteoporosis is vitamin D deficiency, which leads to disruption
of normal bone remodeling. The aim of our study was to analyze the features of the process of bone tissue
remodeling by measuring the key biochemical markers of bone formation/resorption in primary and second-
ary osteoporosis, as well as to investigate the potential corrective effect of vitamin D, supplementation. The
work was conducted on rats with different osteoporosis models: alimentary, dysfunctional and secondary
osteoporosis associated with diabetes mellitus. We used ELISA to measure 25(OH)D content in blood serum.
Blood serum and bone tissue calcium, and alkaline phosphatase activity were determined with bioassay kits.
The content of inorganic phosphate in blood serum and ash was assayed by the Dyce method. It was shown
that all the studied pathological conditions were accompanied by vitamin D deficiency, which led to impaired
absorption of calcium in the intestine and reabsorption of inorganic phosphates by the kidneys, reducing, as
a result, their concentration in the blood serum. Hypocalcemia and hypophosphatemia contributed to the
disruption of normal bone remodeling, excessive activation of alkaline phosphatase, and a decrease in the
content of calcium and phosphate in bone tissue. Thus, sufficient vitamin D bioavailability was confirmed to

be critical for effective bone remodeling in primary and secondary osteoporosis.
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T he World Health Organization (WHO) de-
fines osteoporosis as a systemic disease
characterized by metabolic changes in the
structure of bone tissue, leading to a decrease in
bone mass and strength, as well as a significant
increase in the risk of fractures with minimal or
even no traumatic impact. Based on the materials
presented at the World Congress on Osteoporosis
in 2020, which was devoted to the clinical and eco-
nomic aspects of osteoporosis, it can be noted that
this pathology is one of the most common in the
world and, along with cardiovascular diseases, dia-
betes and cancer, is at the forefront in the structure
of morbidity and mortality from various diseases [1].

In general, osteoporosis is divided into pri-
mary and secondary [2]. In turn, primary osteopo-

rosis (POP) includes postmenopausal osteoporosis
(type 1) and osteoporosis of the elderly (type II),
while secondary osteoporosis is induced or exacer-
bated by other diseases or drug exposure [3]. The
underlying mechanism for the development of POP
is a deficiency of estrogens and androgens in adoles-
cence and after menopause, which leads to changes
in bone metabolism and the predominance of bone
resorption processes over bone formation. At the
same time, the mechanisms of secondary osteopo-
rosis are more complex and less studied, and depend
on the initial cause of its development, in particular
on the primary disease (endocrine disorders, gastro-
intestinal and kidney dysfunction, celiac disease,
inflammatory and autoimmune diseases, etc.) or the
type of medications used by the patient (glucocor-
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ticoids, thyroid hormones, proton pump inhibitors,
H2-histamine receptor blockers, antiepileptic drugs,
antidepressants, thiazolidinediones, antiretroviral
drugs, anticoagulants, some chemotherapy drugs,
loop diuretics, etc.). Diabetes-induced osteoporosis
(DIOP) is one of the types of secondary osteopo-
rosis that has been actively studied in recent years
[4]. In our previous study, we demonstrated a po-
tential molecular mechanism that may underlie the
DIOP-dependent imbalance of bone remodeling — a
malfunction of the receptor activator of nuclear fac-
tor kB (RANK)/RANK ligand (RANKL)/osteo-
protegerin (OPG; decoy receptor for RANKL) axis
in bone marrow cells [5]. However, this is only one
of the potential molecular mechanisms involved in
impaired bone remodeling and, therefore, further
studies are needed to comprehensively establish the
pathogenesis of osteoporosis.

Vitamin D, (cholecalciferol) is a bioactive sub-
stance formed from cholesterol in the human body,
and it can also be obtained from food, especially cod
liver and other types of oily fish [6]. In the body,
cholecalciferol is converted into a hormonally active
form — calcitriol (1a,25(OH),D,), and after the for-
mation of a complex with a specific receptor (vita-
min D receptor, VDR), it can regulate the expression
of more than 1000 genes [7]. Although much atten-
tion has been paid in recent years to the study of the
non-classical (non-calcemic) effects of vitamin D,
it is also important to keep its classical functions in
mind. These functions include regulation of intes-
tinal calcium and phosphate absorption, control of
bone metabolism, and, along with parathyroid hor-
mone, maintenance of physiological serum ionized
calcium concentrations. Furthermore, 10,25(0H),D,
is able to locally regulate bone remodeling by acting
on bone cells such as osteoblasts and osteoclasts, as
well as other cells (chondrocytes, endothelial cells,
etc.), the correct functioning of which is critical for
normal vascularization and bone remodeling [8].

The systemic review, provided by Amrein et al.
in 2020 demonstrated the prevalence of vitamin D
deficiency all over the world, especially in Europe,
where more than 40% of adolescents have 25(0OH)D
(the main marker of vitamin D availability) level in
blood serum less than <50 nmol/I (or 20 ng/ml) [9].
Unfortunately, Ukraine is not an exception to global
trends regarding vitamin D insufficiency/deficiency.
Thus, according to epidemiological studies, most of
the population of Ukraine has vitamin D deficiency
(81.8%), 13.6% exhibits insufficient and only 4.6% —

an adequate level of 25(OH)D in the blood serum
[10]. Vitamin D insufficiency/deficiency is strongly
associated with higher risk of age-related plethora
pathologies development, in particular primary os-
teoporosis and diabetes mellitus. Secondary osteo-
porosis is known to be a common complication of
both type 1 and type 2 diabetes mellitus [11].

To date, according to WHO recommendations,
T-scores of bone mineral density (BMD) are con-
sidered the main diagnostic marker of osteoporosis.
Despite this, there are several key serum biochemi-
cal markers of bone turnover that can be divided
into markers of bone formation (bone isoenzyme
of alkaline phosphatase, osteocalcin, carboxyter-
minal propeptide of type | collagen) and markers
of bone resorption (cross-linked C-telopeptide of
type | collagen, tartrate-resistant acid phosphatase
etc) [12, 13]. In addition, examination of total Ca®*
and inorganic phosphate in blood serum, as well as
determining the status of vitamin D in patients with
osteoporosis is also very important for choosing the
right therapeutic tactics.

The purpose of our work was to analyze the
processes of bone tissue remodeling by measuring
the key biochemical markers of bone formation/re-
sorption in primary and diabetes-induced secondary
osteoporosis, as well as to study the potential correc-
tive effect of vitamin D,.

Materials and Methods

Animals and experimental modeling. All exper-
imental pathological conditions represented in this
work were designed on Wistar rats. Primary osteo-
porosis (POP) developed when female rats (weighing
100 + 5 g) were kept on a D-hypovitaminosis diet
for 30 days [14]. Control animals were on a regu-
lar vivarium diet during all period of experiment.
A model of dysfunctional osteoporosis (DOP) was
induced in adult female rats (7 months old, weighing
300 = 10 g) by keeping the animals in special cages
of small size and volume for 90 days. Control ani-
mals were on a regular vivarium diet and in normal
cages without limitation of motor activity during
all experiment. Diabetes-induced secondary osteo-
porosis (DIOP) was modulated in young male rats
(weighing 140 + 5 g) by administration of strepto-
zotocin (STZ, Sigma; USA) at a dose of 55 mg/kg
b.w., dissolved in 50 mM citrate buffer, pH 4.5. Two
weeks after STZ administration, the animals were
tested for blood glucose levels using a One Touch
Select glucometer (LifeSkan Inc.; Switzerland) and
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divided into experimental groups. Control animals
were injected with 500 pl of 50 mM citrate buffer so-
lution. During the week-long adaptation period and
throughout the experiment, all animals were kept in
the vivarium of the Palladin institute of biochemistry
of the National Academy of Sciences of Ukraine at
a temperature of 18-22°C, humidity 50-60%, natu-
ral day-night light regime. Control animals were fed
a standard diet. All procedures with animals were
carried out in accordance with international recom-
mendations of the European Convention for the
Protection of Vertebrate Animals used for Research
and Scientific Purposes (Strasbourg, 1986) and the
“Bioethical appraisal of preclinical and other scien-
tific research conducted on animals” (Kyiv, 20006).

The regimen of vitamin D, administration was
as follows: for POP and DOP — 400 1U/kg of body
weight of cholecalciferol orally for 30 days after
a month of osteoporosis development; for DIOP —
600 1U/kg body weight of cholecalciferol per os for
30 days, two weeks after STZ injection. Vitamin D,
in sunflower oil solution (Cholecalciferol, Sigma;
USA) was used in all experiments.

Determination of the 25(OH)D level in blood
serum of experimental animals. The concentration of
25-hydroxyvitamin D in blood serum was performed
by using in-house developed ELISA kit according to
previously described procedure [15].

Measurement of the ash content of the bone tis-
sue, and mineral components in blood serum and
bone tissue. The content of Ca?" in blood serum and
bone ash was determined with a bio-test kit (Lache-
ma; Czech Republic) using 25 mmol/l CaCO, dis-
solved in 1.7% HCI as a standard solution according
to the manufacturer’s instruction. The content of in-
organic phosphate (P,) in the blood serum and bone
ash was determined by Dyce method after precipita-
tion of proteins with 12% solution of trichloroacetic
acid [16].

The ash content of bone tissue was determined
by the method of dry mineralization at a temperature
of 500-600°C after its degreasing with hexane for 7
days and was calculated relative to the mass of bone
tissue. The content of mineral components in the ash
was determined by the methods described above af-
ter the ash was dissolved in 0.5 ml of concentrated
HCI and further diluted in bidistilled water.

Determination of total alkaline phosphatase
(ALP) activity and its bone isoform in blood serum.
ALP activity was determined using a reagent kit
provided by Lachema, Czech Republic, according to

the manufacturer’s protocol and calculated using the
formula:

X=¢ /g x K,

sample” “standard

where X is the number of micromoles of 4-nitro-
phenol released under the action of the enzyme con-
tained in 1 | of serum per 1 min at 37°C.

The activity of the bone isoform of ALP was
calculated as the difference between the activity of
total alkaline phosphatase and thermostable alkaline
phosphatase, which was determined after incubation
of samples in a water bath at a temperature of 56-
57°C [17].

Statistics. All data are expressed as mean +
SEM for at least six rats per group. For determina-
tion of the type of data distribution we used Shapiro-
Wilk test. One-way ANOVA with Tukey post-hoc
test was used to indicate statistical differences be-
tween the experimental groups. Differences were
considered significant when P < 0.05. All statisti-
cal analysis was performed using Origin Pro 8.5
(OriginLab Corporation, Northampton; USA).

Results and Discussion

Vitamin D deficiency has long reached pan-
demic status worldwide [18]. Among the factors
that can cause the development of vitamin D defi-
ciency are pregnancy and postmenopausal period,
dark skin color, insufficient sun exposure, obesity in
childhood and adulthood, and plethora of diseases
(autoimmune, endocrine, gastrointestinal) [18, 19].
On the other hand, low vitamin D status is closely
associated with a higher risk of developing various
pathologies, such as type 1 and type 2 diabetes mel-
litus, certain types of cancer, infectious diseases, in
particular COVID-19 [20, 21]. Adequate circulating
levels of 25(OH)D are essential for normal bone for-
mation and remodeling, while subclinical vitamin D
deficiency, more prevalent worldwide, is a key risk
factor for osteoporosis and increased fracture rates
[22].

Our results are in full agreement with the
literature data as we have shown that the level of
25(0OH)D in the blood serum of experimental ani-
mals was significantly lower in both primary and
secondary diabetes-induced osteoporosis compared
with controls (Fig. 1). It was found that in the POP
group the concentration of 25(OH)D was 70% lower
than in the control group. Studies on the DOP model
showed a decrease in 25(0H)D by 62%, and in
DIOP - by 34.4% compared with the control group

(Fig. 1).
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Fig. 1. The content of 25-hydroxyvitamin D in blood serum of rats with different types of osteoporosis. The
data represented as mean = SEM, n = 6. *P < 0.05 vs. appropriate control; *P < 0.05 vs. POP group, *P <0.05

vs. DOP group; P < 0.05 vs. DIOP group

This dramatic decline in vitamin D availabilty
in various types of osteoporosis may have several
explanations. The main mechanism that may con-
tribute to the development of vitamin D deficiency
in osteoporosis is an impairment of 25(0OH)D for-
mation in the liver. The first stage of vitamin D
hydroxylation occurs in hepatocytes under the ac-
tion of enzymes of the cytochrome P450 family —
CYP2RI1 (microsomal isoenzyme) and CYP27A1
(mitochondrial isoenzyme). In previous studies, we
have demonstrated that in secondary osteoporosis
associated with glucocorticoid therapy, the total
activity of vitamin D 25-hydroxylases was strong-
ly suppressed [23]. We observed the same trend in
rats with experimental diabetes mellitus [24]. The
prevalence of the mitochondrial isoform, which has
a lower affinity for cholecalciferol and metabolizes
the latter at concentrations much higher than physio-
logical, with a simultaneous decrease in the activity
of the main enzyme responsible for 25-hydroxylation
of vitamin D, CYP2R1, could be the main reason for
the development of vitamin D deficiency [ 25].

Vitamin D binding protein (VDBP), encoded
by the Dbp gene, appears to be another important
component of the auto/para/endocrine vitamin D-
system, the disruption of which can contribute
to vitamin D deficiency. Notably, Dbp-null mice
showed a decrease in serum levels of 25(0OH)D and
1a,25(0H),D [25]. At the same time, studies on ex-
perimental type 1 diabetes revealed not only a drop

in the level of Dbp mRNA, but also a decrease in the
synthesis of megalin and cubulin proteins, surface
receptors of the 25(OH)D-VDBP complex respon-
sible for the transmembrane transport of 25(0OH)D
[26].

While 25-hydroxyvitamin D-la-hydroxylase,
responsible for the formation of 1a,25(0OH),D, is
regulated in many ways, including signals from
parathyroid hormone (PTH), fibroblast growth factor
23 (FGF23), and 1a,25 (OH),D, there are no reliable
data on the regulation of CYP2RI1 [27]. However,
CYP2R1, as an inducible enzyme, may respond to
vitamin D, loading during therapy and help restore
normal vitamin D status in the treatment of os-
teoporosis. Our results are consistent with this as-
sumption. We showed that after a 30-day course of
cholecalciferol treatment, the level of 25(OH)D was
significantly higher in all studied models of osteo-
porosis. Fig. 1 depicts a 53% increase in 25(0H)D
in POP compared to the osteoporosis group. In the
DOP group, this indicator was higher by 47%, and
in the DIOP group — by 32% compared to the osteo-
porosis.

Prolonged D-hypovitaminosis can be conside-
red as one of the leading factors, along with others,
in the mechanism of osteoporosis development due
to an abnormality in the hormonal regulation of cal-
cium metabolism through changes in the functioning
of the parathormone-calcitonin-vitamin D, system.
Calcium and phosphates are known to be vital mine-
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rals and structural elements of the bone mineral ma-
trix. At the same time, calcium provides many other
physiological functions, including muscle contrac-
tion, release of neurotransmitters, transmission of
intracellular signals, blood clotting, etc [28]. Phos-
phate, in turn, is part of ATP, nucleic acids and phos-
pholipids. The critical importance of calcium and
phosphates in providing physiological and cellular
processes has necessitated strict regulation of their
concentration in a narrow range of fluctuations in
the blood. Plasma levels of both minerals are regu-
lated by the coordinated action of a group of bioac-
tive substances called phosphocalcitropic hormones,
which include 10,25(0H),D, PTH, and FGF23. It is
important to emphasize that the concentration of cal-
cium and phosphate in plasma is regulated interde-
pendently [29].

Total serum calcium can be divided into seve-
ral subtypes. Some part of Ca?" is associated with
such blood plasma proteins as albumins and globu-
lins and performs an inactive storage role. The pre-
dominant part of Ca?" exists in the ionized form, is
transported through membranes, and is a biologi-
cally active form of calcium [30]. It is well known
that optimal calcium supplementation is critical to
preventing the development of osteoporosis [31]. In
rats with primary osteoporosis induced by ovariec-
tomy in combination with a multi-deficiency diet, it
was found that the concentration of ionized calcium
decreases significantly in the late periods after sur-
gery and is accompanied by hyperparathyroidism
[32]. The authors of the work consider the diet, defi-

cient in calcium and vitamin D, as the main cause of
the revealed changes in the content of bioactive Ca?".

In the present study, we demonstrated that the
content of protein-bound calcium remained prac-
tically unchanged in the blood serum of rats with
primary osteoporosis compared to control animals
(Table 1). Changes in the levels of total calcium in
D-hypovitaminosis occurred due to its free ionized
fraction, which decreased by 1.4 times compared
with control animals. In a model of dysfunctional
osteoporosis, we also found a significant 1.3-fold re-
duction of total serum calcium, both protein-bound
and free (Table 1).

In secondary diabetes-induced osteoporosis,
calcium alterations were not as significant as in the
POP and DOP models. It can be assumed that the
development of type 1 diabetes mellitus within 6
weeks is not enough for a critical decrease in the
concentration of total calcium in the blood serum of
animals. In this particular case, we can most likely
argue about the initial stages of impaired bone re-
modeling.

The main classical (skeletal) function of vita-
min D is the control of absorption of Ca?* and phos-
phates in the intestine, as well as the regulation of
bone metabolism by endocrine (through the trans-
port of calcium and phosphates to the bone with
subsequent formation of hydroxyapatite) and auto/
paracrine mechanisms (regulation of gene expres-
sion in bone cells by 1a,25(0OH),D-VDR complex)
[6]. Thus, the vitamin D status of the body is critical
for controlling the formation of calcitriol, the hormo-

Table 1. The content of Ca?* and inorganic phosphate in blood serum of rats with different types of osteo-

porosis and after cholecalciferol administration

Group Ca* (total), mmol/l ioni(z::;;,(i;erﬁolll p(r::tZeugo rinrgotl(;l P, mmol/l
Control for POP 2.24+004 2,04+ 001 0.20 % 001 210 + 0,01
POP 1.58 + 0.01% 1.40 + 0.01% 018 + 0.02 1.46 + 0.02%
POP + D, 210+ 002 191 + 0,03 0.19 + 0.01¢ 178 + 0,04
Control for DOP 213+ 0.04 192 +0.03 0.21+0.08 2.01+0.06
DOP 1.85 + 0.05* 163 + 0.02% 0.22 +0.05 1.63 + 0.05*
DOP + D, 211 + 006" 1.85 + 0.04° 0.26 + 0.01* 1.98 + 0.05¢
Control for DIOP 216 +0.10 2,00 + 001 0.16 + 0.02 213 +0.20
DIOP 197 +0.07* 183 + 0,02 0.14 + 0.05 189 + 0.09%
DIOP + D, 214 + 0.10¢ 1.96 + 0.01% 0.18 + 0.01¢ 210 + 0.08¢

Note. The data represented as mean = SEM, n = 6. *P < 0.05 vs. appropriate control; *P < 0.05 vs. appropriate osteopo-

rosis
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nally active form, and for the realization of its auto/
para/endocrine effects.

We established that cholecalciferol supplemen-
tation to animals with POP for 30 days and the res-
toration of the 25(OH)D concentration resulted in
almost complete normalization of the calcium con-
tent in the blood serum (Table 1). The same effect
was observed in an experimental model of dysfunc-
tional osteoporosis, where the Ca?* concentration
was restored to the control level after a month of
vitamin D, therapy. Despite the fact that we did not
observe a critical decrease in the calcium content in
the blood serum of animals with DIOP, the adminis-
tration of vitamin D, contributed to a slow increase
in total calcium compared with the diabetic group
(Table 1).

It is well known that vitamin D deficiency leads
not only to hypocalcemia, but also to the develop-
ment of hypophosphatemia [33]. The hormonally
active form of vitamin D, 1a,25(0OH),D, is responsi-
ble for adequate transport of calcium and phosphate
to bone from the intestine. Our results indicate a
statistically significant decrease in the concentra-
tion of inorganic phosphate in the blood serum of
animals with experimental osteoporosis. Thus, we
demonstrated a 1.4-, 1.5-, and 1.2-fold reduction in
blood phosphate levels in the POP, DOP, and DIOP
groups compared to the respective controls (Table 1).
Cholecalciferol supplementation ensued to almost
complete recovery of phosphate concentrations in
all experimental models of osteoporosis. One of
the mechanisms that may cause the development of
hypophosphatemia in osteoporosis is an increase in
PTH production due to insufficient synthesis of cal-
citriol in the kidneys [34]. Thus, vitamin D, loading
of animals with experimental osteoporosis promotes
the formation of 1a,25(OH),D, as a result of which
the content of inorganic phosphate returns to the
control level.

Hypocalcemia caused by impaired absorption
of calcium in the intestine is one of the causes of
increased bone resorption due to the development
of secondary hyperparathyroidism. In addition, tu-
mor necrosis factor (TNH) a and interleukin (IL)
1 are involved in the mechanism of impaired bone
remodeling, the concentration of which in blood se-
rum increases in postmenopausal osteoporosis [35].
Morgan et al. demonstrated a dramatic decrease
in total ash as well as bone calcium and phosphate
levels in the femur of rats with postmenopausal ova-
riectomy-induced primary osteoporosis [35]. The

10

results of our research also showed a significant de-
crease in ash content (by 27 and 16% in the POP and
DOP groups, respectively, vs. control), accompanied
by a decrease in Ca?* (by 54 and 10% in the POP and
DOP groups, respectively, vs. control), as well as P,
(by 41 and 23% in the POP and DOP groups, respec-
tively, vs. control) in the bone tissue of animals with
primary osteoporosis (Fig. 2).

In the bone tissue of animals with experimental
diabetes-induced secondary osteoporosis, there was
no significant difference in total ash content com-
pared to the control. At the same time, the amount
of Ca** was 7%, and P, 8.8% lower than in the con-
trol group (Fig. 2). Bone loss in type 1 diabetes may
depend on both sex and age [36]. Statistically sig-
nificant loss of bone density occurs predominantly
in postmenopausal women. In contrast, there is no
difference in males in both adolescence and adult-
hood. However, experimental type 1 diabetes has
also been shown to induce progressive loss of trabec-
ular bone density and premature cessation of cortical
bone growth [37]. Based on the literature data, we
can speculate that the development of experimental
type 1 diabetes within 6 weeks is not enough for the
loss of bone mass and mineral components to the
extent that they could be fixed by routine biochemi-
cal methods to determine the total ash content, as
well as the percentage of Ca** and P, content in bone
tissue.

Cholecalciferol treatment led to complete nor-
malization of the ash content in the bones of animals
with experimental osteoporosis, with a further in-
crease in the content of Ca* and P, in the ash (Fig. 2).
It should be noted that the biochemical response to
the normalization of calcium intake is practically
independent of the calcium concentration baseline,
while the response to treatment with cholecalciferol
is highly dependent on its initial level [38]. Unlike
animals with POP and DOP, in which we observed
the development of severe vitamin D deficiency, ani-
mals with DIOP were characterized by a less pro-
nounced decrease in serum 25(OH)D levels, which
naturally correlated only with a slight effect of such
a decrease on ash content and the percentage of Ca?
and P, in bone tissue.

Biochemical markers of bone metabolism are
conventionally divided into markers of bone forma-
tion and bone resorption [39]. Despite limitations in
displaying overall bone turnover, these markers are
critical for evaluating response to therapy in patients
with osteoporosis. Alkaline phosphatase (ALP), the
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Fig. 2. Percentage of ash, Ca®* and inorganic phosphate in bone tissue of rats in different types of osteoporosis
and after vitamin D, administration. The data represented as mean + SEM, n = 6. *P < 0.05 vs. appropriate
control; *P < 0.05 vs. POP group; *P < 0.05 vs. DOP group; P < 0.05 vs. DIOP group

total activity of which, like the activity of the bone
isoenzyme, is determined in blood serum, can be
considered one of the key markers of bone metabo-
lism. It is a membrane-bound enzyme responsible for
the release of inorganic phosphates from monophos-
phoric acid esters (phosphoethanolamine, phospho-
choline, pyridoxal-5-phosphate) and pyrophosphate,
followed by the formation of hydroxyapatite. At the
same time, elevation of ALP activity was reported
in blood serum of children with rickets, as well as
in patients with bone diseases, accompanied by an
increase in osteoclast activity [40].

We have shown that cholecalciferol deficiency
is associated with a 1.6-fold increase in the activi-

ty of total alkaline phosphatase in the blood serum
of animals with primary osteoporosis (Table 2). The
elevation of ALP activity occurred mainly due to
changes in the activity of its bone isoform (by al-
most 1.7-fold vs. control), suggesting the develop-
ment of pathological processes in the bone tissue. In
dysfunctional osteoporosis, an increase in the total
activity of alkaline phosphatase and its bone isoen-
zyme, respectively, by 1.5 and 1.3 times compared
with the control was revealed. A significant increase
in ALP activity was also shown in the blood serum
of rats with secondary diabetes-induced osteoporosis
(by 1.5 times for both total ALP activity and its bone
isoform) (Table 2).

1
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Table 2. The impact of vitamin D, on alkaline
phosphatase (total and bone isoenzyme) activity in
blood serum of rats with experimental osteoporosis

ALP (total), | L (bone
Group . isoenzyme),
pmol/min-| .

pmol/min-|

Control for POP 22476 +8.00 201.7 +6.0
POP 4005+10* 356.0+1.0*
POP + D, 2570+ 1.0¢  222.8 + 8.0

Control for DOP  300.15+£4.00 260.7+4.0
DOP 4601 +10* 330.0x1.0*
DOP + D, 350.0 + 8.0 261.8 £ 6.0%

Control for DIOP 251.2+10 232.2+90
DIOP 383.0£5.0* 349.0 £ 4.0
DIOP + D, 299.0 + 5.0¢ 282.0 £ 4.0

Note. The data represented as mean + SEM, n = 6.
*P <0.05 vs. appropriate control; “P <0.05 vs. appropriate
osteoporosis

Summarizing, it can be noted that in dysfunc-
tional osteoporosis, changes in the biochemical
parameters of mineral and bone tissue metabolism
were significantly more pronounced than in alimen-
tary osteoporosis, while 25(0OH)D decreased to ap-
proximately the same level (Fig. 1). This may indi-
cate that, along with the development of vitamin D
deficiency, an important role in the pathogenesis of
DOP is played by the deficit of biomechanical loads
on the animal skeleton, as well as possible distur-
bances in the hormonal background associated with
aging and chronic immobilization stress.

It is noteworthy that, against the background of
a significant increase in serum alkaline phosphatase
activity in animals with DIOP, we did not find con-
siderable changes in bone turnover, which may de-
pend on the basal level of 25(0OH)D, as we explained
in the corresponding section.

Administration of cholecalciferol for 30 days
caused almost complete normalization of ALP ac-
tivity in all experimental models (Table 2). Based
on our results, we can hypothesize that it is the in-
creased activity of the bone isoenzyme of ALP that
may be one of the reasons for the development of
vitamin D deficiency/insufficiency in various models
of osteoporosis. Literature data confirm that this iso-
form of ALP is capable of inhibiting the activity of

12

cytochrome CYP2R1, which is responsible for the
synthesis of 25(0OH)D [41]. In addition, calcitriol, a
hormonally active form of vitamin D, can directly
regulate ALP gene expression in osteoblasts and pro-
mote efficient bone mineralization [42].

Thus, vitamin D deficiency is associated with
impaired absorption of calcium in the intestines and
reabsorption of inorganic phosphate by the kidneys
that leads to a decrease in their concentrations in the
blood serum. Hypocalcemia and hypophosphatemia
can cause disruption of normal bone remodeling,
excessive activation of alkaline phosphatase, and re-
duce the content of calcium and phosphate in bone
tissue.

Conclusions. Our results clearly demonstrate
that dietary vitamin D deficiency, prolonged immo-
bilization, and the development of type 1 diabetes
mellitus equally inevitably lead to a decrease in the
level of serum 25(OH)D as a reliable marker of vi-
tamin D sufficiency/insufficiency/deficiency in ex-
perimental animals. In turn, a low concentration of
25(0OH)D causes abnormal absorption of calcium and
phosphate and, as a consequence, the development
of hypocalcemia and hypophosphatemia, resulting in
osteoporosis. Therapy with cholecalciferol restores
normal mineralization of bone tissue by reducing
the activity of alkaline phosphatase (both total and
bone isoenzyme) and normalizes the absorption of
the main mineral components of the bone, thereby
contributing to the restoration of bone remodeling.
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Ocreomnopo3 — 1e Tporpecyrode CHCTEMHE
3aXBOPIOBAHHS CKEJETy, M0 XapaKTepU3YEThCS
3HIKEHHSIM TIITBHOCTI KiCTKOBOI TKaHWHH, TMOPY-
IMIeHHSAM i1 MIKpOapXiTeKTOHIKM Ta TiIBUIICHIM
PU3HMKOM TIEpPENIOMiB, sIKi BHHHKAIOTHb TIiJ] Yac
MiHIMaJIbHOTO MEXaHIYHOIO HaBaHTAXKEHHsS a0o
0e3 Hporo. OHIEI0 3 OCHOBHUX IPUYHUH PO3BUTKY
ocTeonoposy € nedinut BiraMiny D, skuit mpu3Bo-
IWUTH 70 MOPYILICHHS HOPMAaJBHOTO PEMOJIEIIOBaH-
HSI KICTKOBOI TKaHUHU. MeTOr0 JO0CHiIKeHHs 0yii0o
MpOaHali3yBaTH OCOOIUBOCTI TIPOIECY peMojie-
JIOBaHHS KICTKOBOI TKaHWHH IUISIXOM BH3HA4EH-
HSI KJTIOYOBHX OIOXiIMIYHMX MapKepiB KiCTKOYTBO-
peHHs1/pe3opOItii 3a MEepBUHHOTO Ta BTOPHHHOTO
OCTEONOpOo3y, a TAKOXK JIOCTIIUTH TOTEHIIHHUI
KoperyBanbHuil epext Biraminy D,. Excniepumen-
TH TIPOBOAMJIM Ha IIypax 3 PI3HUMH MOJEISIMHU
OCTEOMopo3y:  alliMeHTapHHUH, TUCHYHKIIHHII
Ta BTOPUHHHHA OCTEONOPO3, I1HIYyKOBAaHWH IIy-
KpoBuUM niabetoMm. Jl7s BUMIpIOBaHHS BMICTY
25(0OH)D y cupoBarmi KpoBi IypiB BUKOPHCTOBY-
BaJIM IMyHOEH3WMHHI aHami3. BMicT kaipliro Ta
aKTHBHICTB JTy»HOI (hocdaTaszn y CHpOBaTIli KPOBi
1 KICTKOBIA TKaHWHI BHU3HAYaAJIM 33 JOIIOMOTOKO
KoMepIiiHnX HabopiB. BMicT HeopraHidHOTO (oc-
(haTy B cupoBaTIli KPOBi Ta 3071 KiCTOK BH3HAYaIH
3a metonom [laiica. [lokazano, o Bci gocmiKyBaHi
MATOJIOTIYHI CTaHH CYTPOBOKYBAINCS ehiuTOM
BiTaMiHy D, 110 TpHU3BOIIIIO 10 TIOPYIIIEHHS BCMOK-
TYBaHHS KaJbIlil0 B KHIIEYHHKY Ta peadcopOrii
HeopraHiuHux ¢ocdariB HIPKaMH, Ta 3HIKEHHS X
KOHIICHTpaIlii B CHPOBATIli KpoBi. ['imokambirieMis
Ta TinodocdareMis CIPUINHIOBANIA TOPYIICHHS
HOPMaJIGHOTO PEMOJICIIOBaHHS KICTKOBOI TKaHH-
HU, HaJIMIpHY aKTHBami JYXHOI ¢ocdara3u Ta
3HIDKEHHS BMICTY KaJbIlito i pocdaTiB y KiCTKOBIi
TKaHUHI. TakuM YUHOM, MiATBEPIPKEHO, IO HOP-

MajibHa OI0OCTYNHICTH BiTamiHy D € kpuTnu-
HOIO ISt e(EeKTUBHOTO PEMOJEIIOBaHHS KiCTKOBOI
TKaHHHI K 3a MEPBHHHOTO, TaK i 32 BTOPHUHHOTO
OCTEOIOPO3Y.

KnmouyoBi ciuaoBa: Biramidn D, ocreoro-
po3, nykpoBuil miaber 1 THUMY, PEeMOJCITIOBAHHS
KICTKOBOT TKAHWHHU.
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